homonuclear dipolar recoupling methods were used to measure internuclear distances ranging from 5 to 12Å in fluorinated organic compounds in the solid state. Magic-angle-spinning-based high-resolution techniques were utilized. Trifluoromethyl and aromatic fluorine groups were seperated by rigid aromatic spacers; these compounds were diluted into nonfluorinated host molecule matrices to give isolated homonuclear spin pairs with known internuclear distances. Radiofrequency-driven recoupling (RFDR) was used to elicit magnetization exchange between the spin pairs in 1D and 2D experiments. Simulation of the exchange was accomplished using a Monte Carlo-type algorithm to search the parameter space. These methods allow the determination of distances with an accuracy of 1Å at shorter distances and 2Å at longer distances, with the assumption of no prior knowledge of T We describe 19 F homonuclear distance measurements in the range 5-12Å using fluorinated model compounds with rigid aromatic intrafluorine spacers. Solid state NMR (SSNMR) methods for measuring internuclear distances have been developed and used to characterize complex heterogeneous solids (1).
We describe 19 F homonuclear distance measurements in the range 5-12Å using fluorinated model compounds with rigid aromatic intrafluorine spacers. Solid state NMR (SSNMR) methods for measuring internuclear distances have been developed and used to characterize complex heterogeneous solids (1) . 13 C- 13 C distances of up to 7Å have been measured (2) . Since the gyromagnetic ratio of 19 F is 3.7 times greater than that of 13 C, the stronger dipolar couplings will allow measurements of longer distances as given by the relation ν D = (µ 0 /4π )hγ 1 γ 2 /4π 2 r IS 3 ; this fact has been exploited in studies of 19 F heteronuclear couplings in proteins by Schaefer and co-workers (3, 4) and studies of 19 F homonuclear couplings by Drobny, Stringer and, coworkers (J. Stringer, Ph.D. thesis, 1999). We report here that distances of up to 12Å can also be conveniently measured with homonuclear 19 F methods.
This study serves to calibrate and validate distance limits for fluorine, and is the first step toward measuring 19 F- 19 F internuclear distances in biological systems. The distance marker compounds for 19 F- 19 F homonuclear distance measurements were designed with several considerations in mind: (1) the fluorine shifts for the two sites are resolved from one another; (2) the 19 F-labeled sites are rigidly separated in a solid state structure so that the distance is rigorously known; (3) the spin-lattice relaxation times (T 1 ) for all sites are short; and (4) the fluorine-bearing molecules were diluted into a nonfluorinated host to prevent intermolecular magnetic interactions. The trifluoromethyl group has some advantages relative to an aliphatic or aromatic fluorine group, such as enhanced detection sensitivity, facile proton decoupling, and favorable spin-lattice relaxation rates. Fluorines in trifluoromethyl groups used in this study typically had relaxation times ranging from 0.5 to 3.5 s as measured with an inversion recovery sequence, while many aromatic fluorines exhibited relaxation times of 20 s or longer. Chemical shift dispersion in one case resulted from a thioether linkage for one trifluoromethyl while the other group was directly attached to the aromatic carbon; the spectral separations were 20 ppm. In another case an adjacent β N group caused a upfield shift of ∼8 ppm for one trifluoromethyl group relative to the other. In proteins, good dispersion might result simply from packing effects. The 19 F nucleus exhibits good dispersion of isotropic chemical shifts in fluorinated proteins, owning to the strong effects of van der Waals and electrostatic interactions on the 19 F shifts (5). At ambient temperatures, the rotation of the trifluoromethyl group is fast on the NMR chemical exchange time scale, giving rise to a single resonance with three times the intensity of a monofluoro label. The motionally averaged chemical shift anisotropy ( δ ∼ 30 ppm) results in a spectrum consisting of a single centerband with modest magic angle spinning (MAS) rates while the anisotropy of the aromatic fluorine group ( δ ∼ 100 ppm) results in substantial sideband intensities unless ultrafast spinning speeds are used. As a useful approximation such AX 3 spin systems can be treated as a single-spin system when the motion is in the fast limit. Distances between the sites were calculated from energy-relaxed structures using Macromodel 5.0 (with ε = 3). The effective distance between trifluoromethyl spin systems was computed from the average of 1/r 3 for all pairs of spins, using the relation
where N is the number of pairs of spins. The expected gain in detection sensitivity for 19 F direct excitation MAS NMR experiments as compared with 13 C cross polarization MAS experiments is partially offset by hardwarespecific losses (approx. 2 dB) due to the need for isolation of the proton transmitter from the 19 F receiver (>100 dB). Compounding this is the fact that in many cases fluorine linewidths are in excess of 1 ppm full width at half-maximum (FWHM). Commonly these linewidths are dominated by inhomogeneous broadening due to the much greater sensitivity of the chemical shift of fluorine to the local environment. This statement is based on our ability to perform hole-burning excitation within the MAS linewidth, and on comparison of T 2 values with linewidths. Room temperature spin-spin relaxation times (T 2 )
were measured with spin-echo methods and ranged from 0.8 to 5 ms, corresponding to intrinsic linewidths in the range 0.08-0.4 kHz. These values did not appear to exhibit systematic differences for aromatic fluorine vs trifluoromethyl sites. With the exception of the most structurally homogeneous samples (prepared by sublimation), the 19 F spectra generally exhibited additional linewidth contributions above the homogeneous estimate, FWHM = 1/π T 2 . Typically, the linewidth was not limited by proton decoupling efficiency. For deuterated samples such as perdeuterated and diluted BTFQ, the T 2 values were only slightly longer than for the protonated cases (HBTFQ, 0.71 and 0.68 ms; dBTFQ, 1.05 and 1.17 ms). In practice, the detection sensitivity for a single trifluoromethyl group was typically twofold greater than for a single 13 C, but an aromatic fluorine was no better. We have been able to detect as few as 10 nanomoles of trifluoromethyl-containing molecules after a few hours of signal averaging. Other workers have utilized methods based on indirect detection of fluorine. In the experiments initiated by Schaefer and co-workers (3, 4) , the higher gyromagnetic ratio of fluorine was exploited for the enhanced dipolar strength while detection is carried out on a nucleus with a narrower linewidth and comparable or better sensitivity, such as 13 C or 31 P. Preparation of the compounds was accomplished as follows (see Scheme 1). Bis(2,8-trifluoromethyl)-4-quinolinol (1, BTFQ), 4-hydroxyquinoline (2, 4HQ), and 7-(trifluoromethyl)-4-quinolinol were purchased from Aldrich. 6-Fluoro-4-hydroxy-2-(trifluoromethyl)quinoline (3, FTFQ) was obtained from Oakwood Products. Perdeuteration of 1 (BTFQ) and 2 was achieved via an alkaline-catalyzed deuterium-hydrogen exchange reaction in a microwave oven (6) . Sequential microwave irradiation resulted in 83% deuteration for the fluorinated compound and 98% deuteration for the dilutant. The biphenyl fluorinated compound 5a was synthesized using the Suzuki coupling (7-9). Bromothioanisole 3a was cross-coupled to SCHEME 1 4-trifluoromethylbenzeneboronic acid under a Pd(PPh 3 ) 4 catalyst to give the biphenyl compound 5a in 92% yield. In order to avoid intermolecular dipolar couplings from neighboring fluorine compounds, the fluorinated compounds were diluted by cocrystallization with structurally similar nonfluorinated analogues, which were prepared in a similar manner (e.g., 2, 5b). The crystalline samples were analyzed by HPLC to determine the ratio of fluorinated guest to nonfluorinated host. The most reliable method for obtaining good sample homogeneity was by rapid cooling of saturated solutions to form microcrystals. Samples with significant inhomogeniety or inadequate dilution were recognized by spurious intermolecular magnetization exchange contributions. Significant intermolecular exchange gives rise to biphasic curves. In these cases we were unable to simulate the data using the known internuclear separation. Furthermore, for some of the molecules used, samples made with the same fluorinated compound but with dilutions below that reported gave essentially identical exchange curves. Figure 1 shows the pulse sequences used in these studies. For the 1D inversion exchange RFDR experiment (top), a DANTE (delays alternating with nutation for selective excitation) sequence (10) was used to prepare an initial I z − S z polarization. This was followed with a radiofrequency-driven recoupling (RFDR) mixing sequence during the variable mixing time (11) . Remaining longitudinal magnetization was subsequently detected with a readout pulse. High-power proton decoupling was employed in each sequence, with proton B 1 fields of 100 kHz. We have suppressed losses from 19 F-1 H Hartman-Hahn matching during the 19 F pulses by phase switching the decoupling at the midpoint of the mixing period π pulses. These points were extracted from 1D spectra collected at each mixing time. The magnetization exchange curves (Fig. 2) consist of normalized difference magnetization,
plotted as a function of mixing time. Magnetization exchange is evidenced as a decrease in I z − S z as a function of mixing time. Normalization was performed by dividing the difference intensity value for each mixing time, I z − S z (t), by the corresponding zero-time value, I z − S z (0), followed by a multiplicative correction for relaxation processes and other losses, k(t). This correction, k(t), was based on two control experiments: analogous data were collected for a singly trifluoromethyl-labeled sample (with similar T 2 and T 1 values); in addition, we measured
FIG. 1.
One-and two-dimensional RFDR pulse sequences used in fluorine distance measurements. In the 1D sequence (top), the DANTE sequence was used to prepare the I z − S z initial polarization before the variable RFDR mixing period, which is composed of rotor synchronized π pulses. For the 2D experiments (middle sequence), the variable t 1 evolution period was followed by a nonselective π/2 pulse to create longitudinal magnetization prior to the RFDR mixing. In both versions a π/2 readout pulse was applied prior to the detection of the FID. To suppress losses of 19 F magnetization the proton decoupling was phase switched at the midpoint of the pulse sequence π pulses (bottom).
signal losses incurred by applying a π pulse train in a fashion identical to the RFDR sequence but without the DANTE inversion. If integrated peak areas were used instead of intensities, similar curves resulted. Figure 2 shows several RFDR 1D inversion exchange data sets along with simulations (solid curves) and corresponding molecular structures.
Two other versions of the RFDR experiment had the advantage of internal correction for systematic signal intensity losses: 2D magnetization exchange RFDR (11, 12) and 1D saturation exchange RFDR. In the 2D magnetization exchange RFDR experiment, shown in the middle sequence in Fig. 1 , the I and S spins are initially frequency labeled during a variable evolution time in the transverse plane. At the end of the t 1 evolution the longitudinal magnetization is restored and the RFDR mixing sequence is applied over the specified mixing time. A readout pulse is applied prior to the collection of the FID for each t 1 slice. In the 2D experiments, the build-up curve is recorded: the cross-peak volume is normalized relative to total peak volume from the 2D spectra taken for each mixing time. For the case of the 1D saturation exchange RFDR experiment the same pulse sequence is used as for the inversion exchange. We present in Fig. 3 Fig. 2 . From all of these data sets it is evident that the rate of magnetization exchange slows dramatically as the intermolecular separation is increased. The 2D or saturation transfer experiments appear to be a more reliable way to measure the exchange curves, since the correction for losses is substantial. On the other hand, it is worth noting that the detection sensitivity for the 2D exchange or saturation recovery experiment is significantly worse than the 1D inversion exchange experiment.
FIG. 2.
RFDR magnetization exchange data and simulated exchange curves (solid lines) corresponding to each compound; the computed fluorinated spin system separations are indicated. The dilutions for 2,8-bis(trifluoromethyl)-4-quinolinol (BTFQ) (1), 6-Fluoro-4-hydroxy-2-(trifluoromethyl) quinoline (FTFQ) (3), 4-(trifluoromethyl)-4 -(trifluoromethylthio) biphenyl (CF 3 -Ph 2 -SCF 3 ) (5a) were 0.29, 0.25, and 0.23 mole%, respectively. Absolute numbers of spins were in the range of 0.01-2 µmoles, and individual exchange curve points were obtained by averaging for up to 6 h. In the data from 4-(trifluoromethyl)-4 -(trifluoromethylthio)biphenyl (5a), an unwanted fast component from 0-5 ms was removed, presumably arising from a minor fraction of the sites in which intermolecular magnetization exchange occurred. The dashed curves at the bottom are examples of simulations at the boundaries of acceptable agreement with experiment, with RMSD values of 0.12, which is 2 · RMSD min (0.06). These curves were simulated using fixed T ZQ 2 values (3.1 ms) at internuclear separations (r IS ) of 5.1 and 6.4Å for the bottom and top dashed curves, respectively. The spinning speeds were 12.9 kHz for BTFQ and FTFQ and 12 kHz for CF 3 -Ph 2 -SCF 3 . Larmor frequency was 373.013 MHz; the experiments were carried out at room temperature.
FIG. 3.
Two-dimensional RFDR magnetization exchange data and simulated exchange curves (solid lines) corresponding to each compound; the computed fluorinated spin system separations are indicated. The square data points are from a saturation exchange experiment performed on BTFQ. The spinning speeds were 12.9 kHz for BTFQ and 12 kHz for FTFQ and CF 3 -Ph 2 -SCF 3 . Larmor frequency was 373.013 MHz; the experiments were carried out at room temperature.
The 2D approach will have obvious virtue when multiple sites are labeled.
As previously described in a theoretical treatment of the effect of the RFDR mixing sequence (11), the mixing curves should depend on the chemical shift difference between the two sites, the MAS speed, various relaxation processes, and the intersite distance, r IS . Simulations (12) of these curves are shown as solid lines. The simulated curves are derived from calculations of I z − S z for the 1D inversion exchange case and S z / I z + S z for the 2D RFDR case, both computed as a function of mixing time. Parameters used in the calculations are listed in Table 1 . Some parameters were measured with supplemental experiments. Principal values of the CSA tensors were obtained from computer simulations of the spinning sideband intensities of MAS spectra (13) and agree well with previous values for similar compounds (14) (15) (16) . Relative CSA tensor orientations were estimated based on the molecular structure and previous literature analysis of the CSA axes. Trifluoromethyl groups were assumed to have axially symmetric CSA tensors with the z axis of the principal axis system directed along the C-C bond (14) . For the aromatic fluorine group, the CSA principal axis was normal to the plane of the aromatic ring, as determined in earlier studies (15, 16) . Euler angles describing the CSA principal axis system relative to the dipolar axis system (Table 1) were calculated based on the minimum energy structures. Thus the only unknown simulation parameter is the zero-quantum coherence relaxation time, T , corresponding to the assumption that the zero-quantum coherence decay is caused by uncorrelated fluctuating fields at each site (17) .
In a typical structure problem, r IS , T ZQ 2 , and the Euler angles are unknown. In order to extract r IS from an exchange curve without prior knowledge of the CSA, Euler angles, or T ZQ 2 , we have constructed processing software based on a Monte Carlo-type algorithm (18, 19) . Random or biased moves in the parameter space are followed by evaluation of the root mean square deviation (RMSD) between the simulated (12) and experimental magnetization exchange curves, where N is the number of points in the experimental curve:
Simulations were considered to have acceptable agreement with experiment when the RMSD was less than twice that of the best fit (∼95% confidence interval). Root mean square deviations between a smooth spline polynomial fit and the data, or between global best fit and data, were typically comparable and were typically of order of 5% of the maximal intensity data point. These values were also comparable to RMSD expected from the inherent noise in the data, indicating that the RMSD values for the global best fit are dominated by inherent noise in the data rather than by systematic fitting errors as would be expected if the sample were not sufficiently dilute. In typical simulations there are two open fitting parameters: the internuclear distance and the zero-quantum dephasing time, T ZQ 2 . There are also five highly constrained fitting parameters: overall scaling, isotropic shifts of both sites, and CSA widths for both sites. Eight additional parameters are typically much less influential: the Euler angles, and the asymmetry of the CSA for each site. Reported uncertainty estimates in the distance measurements (r IS ) were based on the results of the exploration of T ZQ 2 values ranging from 0.5 to 6 ms. In Fig. 4 , the top 3D plot displays the RMSD values from an unconstrained parameter space search as a function of T ZQ 2 and r IS . The middle plot shows the 2D projection onto the x y plane of simulations below the RMSD cutoff value (RMSD ≤ 2 × RMSD min. ), bounding the region of acceptable simulations to be used in the determination of the uncertainty in the internuclear distance. As an example, two simulated curves at the maximum acceptable RMSD boundary are shown in the bottom of Fig. 2 as the dashed curves.
Monte Carlo searches were performed subject to various assumptions about the parameter values; Table 2 describes the values for the internuclear distances for which simulations exhibit acceptable RMSD values. We allowed for a broad range of T ZQ 2 and r IS , and we allowed for all possible values of I PD (α 1 , β 1 , γ 1 ) and S PD (α 2 , β 2 , γ 2 ), with the limits; 0
• and 0
• . Furthermore the isotropic chemical shifts were allowed to vary over 1 ppm and the CSA width over 20 ppm, and the asymmetry parameter varied from 0.0 to 0.2. The results of such an unconstrained search of parameter space are shown in Fig. 4 (top) . In other more constrained fits, all the chemical shift parameters were fixed and the polar Euler angles were only allowed to range over ±10
• from the ideal values estimated from molecular geometry and based on previous studies (14) (15) (16) . Finally, in a two-dimensional search, only T ZQ 2 and r IS were allowed to vary. The data in Table 2 indicate that with the exception of the T other parameters is not important for the error bound for the distance determination: in other words whether these additional parameters were constrained did not have an important effect on our estimated error bounds. The cases under discussion are in the fast MAS limit where spinning sideband intensities are low: if instead the shielding tensors were overlapping and the spinning speed were relatively low, then these other fitting parameters would have been much more important. We have also determined the uncertainties for the 2D RFDR measurements in a similar fashion. Best fit and actual values of the internuclear distance are compared in It is important to note that if we can further constrain the simulation by incorporating an experimentally derived value of T ZQ 2 , the uncertainty in the distance measurement decreases significantly, even for dilute samples with limited sensitivity and significant experimental error. For the compound with the longest internuclear distance (CF 3 -Ph 2 -SCF 3 ; 11.4Å), for 1D measurements the uncertainty could conceivably be reduced from roughly 3 to 1.2Å for the fixed Euler angles case and from roughly 4 to from 2Å for the unconstrained case, a greater than 50% reduction. For every sample in our survey the estimate based upon linewidths or on Carr-Purcell dephasing curves did not usefully constrain the fit. Rather, these estimates for T ZQ 2 were typically too short and gave artificially short distances. Preliminary experiments in which the dephasing time of the zero-quantum coherence was indirectly measured confirmed the suggestion that it is somewhat longer than that predicted by CarrPurcell measurements. For samples with multiple fluorine labels, multispin relaxation dynamics might become a more important issue in the error analysis.
In summary, these data indicate that distances in the range of 5-12Å can be measured with an accuracy of 1.0Å at short range and 2.0Å at long range without prior knowledge of T ZQ 2 . This accuracy will increase considerably if an experimental measurement of T ZQ 2 is obtained. Such an extension of the distance range from that of 13 C-based methods provides a means for measuring intermolecular and interdomain distances in biological systems. 19 F SSNMR of biological systems has several other attractive features; we envision many applications of this method in structural biology as well.
